Axonal degeneration is an initial key step in traumatic and neurodegenerative CNS disorders. We established a unique in vivo epifluorescence imaging paradigm to characterize very early events in axonal degeneration in the rat optic nerve. Single retinal ganglion cell axons were visualized by AAV-mediated expression of dsRed and this allowed the quantification of postlesional acute axonal degeneration (AAD). EM analysis revealed severe structural alterations of the cytoskeleton, cytoplasmatic vacuolization, and the appearance of autophagosomes within the first hours after lesion. Inhibition of autophagy resulted in an attenuation of acute axonal degeneration. Furthermore, a rapid increase of intraaxonal calcium levels following crush lesion could be visualized using a calciumsensitive dye. Application of calcium channel inhibitors prevented crush-induced calcium increase and markedly attenuated axonal degeneration, whereas application of a calcium ionophore aggravated the degenerative phenotype. We finally demonstrate that increased postlesional autophagy is calcium dependent and thus mechanistically link autophagy and intraaxonal calcium levels. Both processes are proposed to be major targets for the manipulation of axonal degeneration in future therapeutic settings.
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CNS trauma | live imaging | calcium influx | autophagy A xonal degeneration plays a pivotal role in the pathogenesis of numerous neurological disorders frequently preceding neuronal cell death and resulting in persistent functional disability. Traumatic spinal cord or peripheral nerve injury represent classical conditions where mechanical disruption of axonal integrity results in nervous system dysfunction (1, 2) . Several degenerative CNS diseases show prominent axonal pathology already early in the disease course, such as the degeneration of nigrostriatal projection tracts or cardiac sympathetic nerves in Parkinson's disease (3) or corticospinal tracts in amyotrophic lateral sclerosis (4) . Key features of axonal degeneration seem to be similar despite variable etiology. The distal part of the lesioned axon undergoes Wallerian degeneration (WD) characterized by initial axonal stability followed by rapid degeneration, fragmentation, and blebbing of the remaining axon, microtubule disassembly, and phagocytic clearance of the lesion site. The proximal part was reported to remain more stable than its distal counterpart (5-8), but imaging of the spinal cord in vivo visualized mechanisms of acute axonal degeneration (AAD) within the first minutes after lesion. In contrast to WD, AAD results in sudden axonal disintegration and extended for ≈300 μm proximal and distal to the lesion (9) . One of the putative initiating steps in axonal degeneration is the influx of extracellular calcium, which is suggested to destabilize the axon and to transmit apoptotic signals to the neuronal soma (10) (11) (12) .
The optic nerve (ON) represents a unique model system for the study of axonal pathology in the CNS because of its accessibility and the possibility to manipulate the system via transfection of retinal ganglion cells (RGC) (13) (14) (15) . Moreover, dysfunction of ON axons has clinical relevance for the pathogenesis of optic neuritis, glaucoma, Leber's optic atrophy, and trauma (16) (17) (18) . In this study we present a unique epifluorescence imaging approach, which permits the visualization of axonal degeneration in the ON of the living rat. We characterize the morphological changes following an ON crush lesion and resolve ultrastructural alterations by electron microscopy. On the basis of this characterization we link lesion-induced calcium influx to intraaxonal autophagy as major pathophysiological mechanisms contributing to acute axonal degeneration in the CNS.
Results
Visualization of Optic Nerve Axons in Vivo. To visualize single RGC axons in the ON, we injected into the vitreal space an adenoassociated viral vector (AAV, serotype 1/2) expressing the fluorescent protein dsRed ( Fig. 1 A and B) . Targeted injections resulted in transfection of RGC axons localized at the dorsal part of the ON ( Fig. 1 C-F) and ∼5-10 different surface-near axons per ON could be used for imaging ( Fig. 1 L and M) .
For imaging, the ON was exposed employing an adapted supraorbital surgical access (Fig. 1A) (19, 20) and image acquisition was performed using an upright fluorescence microscope equipped with a water-immersion objective. Due to the anatomical limits imposed by the skull this technique allowed us to image the ON in a total length of ∼5 mm. Physiological conditioning of experimental animals under deep anesthesia with artificial respiration and temperature control permitted the acquisition of images of the live animal for up to 6 h. There was no indication of phototoxicity during this imaging period (9) .
Time Course of Acute Axonal Degeneration Following Optic Nerve
Crush. The ON crush is an established model for the study of CNS trauma and regeneration resulting in axonal lesion while maintaining the continuity of the nerve (21) . Using a small surgical suture the ON was crushed resulting in complete transection of all axons. Due to anatomical distortion at the crush site, axonal changes could be observed only at a distance of about 150 μm from the crush site. The proximal (n = 6) and the distal site (n = 5) of the crushed axons were analyzed (Fig. 2) . Axonal integrity was quantified as length ratio of the remaining axon to the appearing gaps (Fig. S1A) . On both sides of the lesion, the microcrush resulted in a rapid-onset, time-dependent disruption of axonal integrity: the formation of bulb-like axonal swellings started already within the first 30 min after the lesion and these structures increased in size for about 240 min, while the axon continued to disintegrate (Fig. 2 B  and D) . At 60 min after ON lesion, the axonal integrity ratio both proximal (0.93 ± 0.02, P = 0.015) and distal (0.82 ± 0.03, P = 0.004) to the lesion site was significantly different from the intact axon (Fig. 2E) . We did not observe any significant differences in degeneration dynamics proximal or distal to the lesion site at the imaging distances used in our imaging paradigm.
Ultrastructural Changes After Crush Lesion. To correlate the degenerative events observed by epifluorescence with the ultrastructure, ON sections 200 μm proximal and distal to the lesion site corresponding to the imaged region were prepared for EM evaluation (Fig. S1B ). Condensation and misalignment of neurofilaments followed by a fragmentation of microtubules could be observed already at 30 min after crush (Fig. S2) . The mean axon diameter decreased significantly from 1,074 ± 23 nm (n = 485) in unlesioned ON axons to 727 ± 31 nm on the distal side (n = 341; P = 0.009) and to 779 ± 18 nm on the proximal side of the crush (n = 132; P = 0.004) (Fig. 3Q ). Despite this initial decrease of the mean axon diameter, local increases in diameter of single axons were observed already at this time point (30 min after crush; Fig. 3B ), especially proximal to the crush. At 120 min and 360 min after crush the mean axon diameter showed a significant increase that was faster by trend on the proximal compared to the distal side of the crush (proximal: 1,045 ± 32 nm at 120 min (n = 341) and 1,173 ± 24 nm at 360 min (n = 292); distal: 965 ± 93 nm at 120 min (n = 103) and 1,067 ± 50 nm at 360 min (n = 150) (Fig. 3Q) .
The g-ratio (axoplasm diameter divided by fiber diameter; g-ratio for unlesioned fibers: 0.7 ± 0.09, n = 485) did not change significantly within the first 30 min after crush ( Fig. 3 E, F, M, and N). At later time points the mean g-ratio developed in an antithetic manner on each side of the lesion: at 360 min it increased significantly to 0.73 ± 0.10 on the proximal side (P < 0.001; n = 292) whereas it decreased to 0.58 ± 0.12 on the distal side (P < 0.001; n = 150). An increasing degree of dispersion of the g-ratio over time was found on both sides of the crush (Fig. 3 E-H and M-P). This data reflects the qualitative impression that at later time points during AAD there is a broad morphological spectrum with some axons having a massively increased diameter while others display a condensed axoplasm (Fig. 3 D and L) . Especially distal to the crush, For statistical analysis ANOVA and Student's t test (two-tailed, heteroscedastic) were used. Differences are considered significant vs. uncrushed ON. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
axons developed a marked swelling and showed structural defects between axoplasm and myelin sheath ( Fig. 3 K and L) , resulting in a decreased mean g-ratio and increased mean axon diameter.
Different types of local axonal swellings were identified by EM analysis (Fig. S3) . The most common type was characterized by a dense cytoplasmatic accumulation of organelles, mostly mitchondria and vacuoles (Fig. S3A) . Mitochondria displayed structural signs of degradation, i.e., swelling, cisternal dilatation, and vacuolization (Fig. S3E) . Other swellings showed a sparse axoplasm without regular structured microtubules and with only very few organelles (Fig. S3B) . They extended over distances between 20 and 80 μm along the axon and were most prevalent proximal to the crush site already at early time points of AAD ( Fig. 3 B and C) . Many axons were densely packed with vacuoles of different size, with mono-or bilayered membrane (Fig. S3 C and D) . This type was most abundant at 360 min after crush lesion on both sides of the crush. One subpopulation of these vacuoles morphologically resembled autophagosomes and a large portion of them were positive for LC3 in immunogold labeling (360 min after crush; Fig. 3 
S and T).
Crush-Induced Acute Axonal Degeneration Is Delayed by Inhibition of Autophagy. Because autophagosome accumulation was observed as a lesion-related phenomenon, we determined whether autophagy inhibition would interfere with lesion-induced axonal degeneration. A significant delay of axonal degeneration was observed at 90 min after ON crush after application of the autophagy inhibitor 3-methyladenine (3-MA; 33.3 mM; n = 6; Fig. 4B ) compared to control treatment (DMSO; n = 4; Fig. 4C ). Although the degenerative process was still progressive in the 3-MA group, the axonal integrity ratio was significantly higher compared to the DMSO control even at 360 min postcrush (0.58 ± 0.05 vs. 0.2 ± 0.05; P = 0.0028; Fig. 4A ). Ultrastructural alterations induced by the crush lesion were also attenuated by 3-MA application (Fig. S4) . Early structural defects between axoplasm and myelin sheath distal to the crush (K and L; gray arrows). Histograms of g-ratios of ON fibers after crush (in % frequency, bin width 0.025) (E-H and M-P). Development of the mean fiber and axoplasm diameter (Q) and the resulting g-ratio (R) over time. Mean g-ratio is given ±SD (E-H and M-P) or ±SEM (R). LC3-immunogold labeling for autophagosomes (black arrows) 360 min after crush (S and T). **, P < 0.01; ***, P < 0.001 (compared to unlesioned control of the corresponding side), two-tailed, heteroscedastic Student's t test. Calcium Influx Following Crush Lesion. Postlesional influx of calcium has been previously proposed to be part of a series of events following traumatic axonal lesion (6, 22) . However, the kinetics of intraaxonal calcium concentrations ([Ca 2+ ] i ) within the first seconds or minutes after CNS lesion in a living mammal so far remained enigmatic. We used the calcium-sensitive dye Oregon Green 488 BAPTA-1 (OGB-1) to follow lesion-induced changes in [Ca 2+ ] i . After intravitreal injection of OGB-1, we observed anterograde labeling of the ON with an increase in fluorescence intensity reaching a maximum about 2-2.5 h after dye injection, allowing stable imaging of [Ca 2+ ] i ( Fig. S5 A and B ; n = 4). Quantification of dye bleaching showed a minimal decline in fluorescence intensity during 100 s of continuous UV exposure (6.6 ± 2.2%; Fig. S5 C and D) .
We then identified a region of interest (ROI) proximal to the tie and captured the total fluorescence in this visual field following the ON crush. The fluorescence intensity in the ROI showed a rapid increase within the first 30 s after the crush with a slow decline and normalization within the next minute (n = 3) (Fig. 5 A and B and Movie S1). To understand whether this increase in [Ca 2+ ] i is induced by influx of extraaxonal calcium, we applied a combination of calcium channel inhibitors (L-/N-type channel blocker amlodipine, T-type channel blocker amiloride, and AMPA receptor blocker NBQX) on the ON 30 min before ON crush. This resulted in an inhibition of the previously detected [Ca 2+ ] i increase (Fig. S5 E  and F) . Imaging of axonal degeneration revealed that axonal integrity ratios were highly stable in the calcium channel inhibitor group compared to untreated controls (0.96 ± 0.03 vs. 0.78 ± 0.03 at 120 min after crush; P = 0.0003; n = 5). This significant difference persisted during the entire imaging period with the axonal integrity ratio remaining above 0.88 at any time point (Fig. 5 C and D) . However, application of the calcium ionophore A23187 aggravated degenerative dynamics. The axonal integrity ratio in the treatment group was significantly lower compared to the untreated nerve at 90 min after crush (0.46 ± 0.07 vs. 0.89 ± 0.03; P = 0.006; n = 4).
Induction of Autophagy Is Mediated by Intraaxonal Calcium Levels.
To resolve the relation between the initial [Ca 2+ ] i increase and autophagy induction, we quantified the number of LC3 positive autophagosomes as well as p62 positive punctae following crush. Both proximal and distal to the crush site, the number of autophagosomes per mm 2 increased already at 30 min and was almost doubled at 360 min postcrush compared to the native ON (proximal 8,164 ± 1,431 vs. 16,715 ± 1,750; P < 0.004 and distal 6,933 ± 1,709 vs. 14,245 ± 2,087; P < 0.023; each group n = 6; Fig. 6 ). Application of the calcium inhibitor mix resulted in a significant reduction of LC3-positive autophagosomes at 360 min compared to the untreated ON at 360 min (proximal 9,078 ± 465 vs. 16,715 ± 1,750; P = 0.006 and distal 5,268 ± 1,083 vs. 14,245 ± 2,087; P < 0.006; each group n = 6; Fig. 6 ). This data demonstrates that the accumulation of autophagosomes is dependent on [Ca 2+ ] i and can be blocked by administration of Ca channel inhibitors. A similar kinetics was observed for the autophagy-related protein p62 (Fig. S6) .
Discussion
Because of its structural simplicity and fast surgical accessibility, the retinotectal system is widely used as a model for the study of neuronal death, axonal de-and regeneration in the CNS (21, 23) . Here we describe a unique epifluorescence imaging approach, not previously reported to the best of our knowledge, which permitted the repetitive imaging of single ON axons in the living rat.
Within the imaging period of 360 min we observed a rapid loss of integrity in axons located ∼400 μm to both sides of the lesion. The earliest morphological alterations were visible already in the first 30 min after lesion, which is similar to previous reports on AAD in the spinal cord (9) . Axonal disintegration occurred very rapidly in the entire visualized part of the axon and this was independent of the localization of the axon to the lesion site (proximal or distal). This suggests an initially common mechanism for AAD in the vicinity of the lesion, independent of the relation to the neuronal soma (6) .
Corresponding to our epifluorescence data, alterations on the ultrastructural level appeared already at 30 min after lesion. At 120 and 360 min after crush we found subtle differences between the proximal and distal side mainly in regard to the interaction of axoplasm and surrounding myelin sheath, which were inapparent by epifluorescence. The relative increase in axoplasm diameter was less sustained distal to the crush compared to proximal and resulted in a smaller distal g-ratio. This may be due to a more vital axonal transport on the proximal side leading to a faster swelling of the axoplasm. Besides, more structural defects of the myelin sheath were found distal to the crush indicating a higher vulnerability of the myelin sheath and the myelin-axolemmal contacts compared to proximal parts. Early abnormalities in neurofilament and microtubule density were described after traumatic brain injury (24) and axonal swellings with densely packed organelles, swollen mitochondria, and a vacuolization of the axoplasm were previously observed at 48 h after spinal cord lesion (25) . We detected these prominent morphological features in the ON already in the early stages of AAD. Most importantly, our ultrastructural analysis revealed autophagosomes as a major component of the degenerating ON.
Autophagy regulates the homeostasis of proteins and cell organelles and has been recently linked to neurodegenerative disorders (26, 27) . Purkinje cells of Lurcher mice undergoing axonal dystrophy accumulate LC3-positive autophagosomes (28) . However, autophagy seems required to maintain local homeostasis of axon terminals and the ablation of the autophagy-related protein Atg7 may cause progressive dystrophy (29) . We detected a persistent accumulation of autophagosomes until 6 h postcrush prompting the question of whether this mechanism participates in axonal degeneration or rather represents a homeostatic response of the axon to preserve its integrity. Inhibition of autophagy by 3-MA attenuated axonal degeneration and ultrastructural alterations, suggesting a detrimental role for autophagy in AAD.
Progressive vacuolization may be induced by the breakdown of axonal transport and local accumulation of cargo. However, axonal transport disturbances are likely to be preceded by a lesion-induced signal, triggering ultrastructural changes and our data suggest a rapid increase in intraaxonal calcium to be such a trigger. Calcium and the calcium-binding protein calmodulin have been demonstrated to cause microtubule disassembly in vitro (30, 31) . Although calcium influx has been proposed to participate in axonal degeneration (6, 12) , its involvement in traumatic lesions in mammals in vivo has not yet been shown. Here we visualize the kinetics of axotomy-induced [Ca 2+ ] i changes in the ON of a living rat. Previously, extracellular calcium has been found to be the source of increased [Ca 2+ ] i in an in vitro stretch injury model (32) . Calciumpermeable AMPA receptors have been proposed to participate in calcium influx after traumatic injury (33) and blockage of CNSspecific L-type and T-type calcium channels has been shown to prevent secondary RGC death following partial axotomy (34) . In our study, a mixture of calcium channel inhibitors (L-type, T-type, AMPA) completely prevents [Ca 2+ ] i increase after the ON lesion arguing in favor of the extracellular space as a calcium source and for channel-mediated calcium entry. We thus conclude that mechanical disruption of axonal integrity alone and the generation of "mechanopores" are insufficient to induce a [Ca 2+ ] i increase. Local application of the calcium ionophore dramatically enhanced axonal degradation processes, whereas application of a calcium channel inhibitor mix nearly prevented degeneration and resulted in an attenuation of autophagosome numbers. Downstream of calcium influx, fragmentation of microtubules due to activation of proteases of the proteasome (35) or calpain (9) were observed after axonal injury and NMDA-induced increase of [Ca 2+ ] i has been associated with the expression of the autophagy marker LC3 (36) . Our studies on lesion-dependent LC3 expression now link the initial increase of [Ca 2+ ] i to a secondary increase in autophagy.
In conclusion, our data suggest that mechanical injury to the ON induces extracellular calcium entry to the axolemma via calcium channels, resulting in rapid [Ca 2+ ] i increase. This results in a secondary generation of autophagosomes that participate in axonal degradation. Both events thus represent promising targets for future therapeutic interventions in the treatment of axonal pathology in degenerative and traumatic CNS disorders. Methods Surgical Approach and Crush Lesion of the Optic Nerve. All animal studies were carried out according to the regulations of the local animal research council and legislation of the state of Lower Saxony. Adult female Wistar rats (250-350 g; Charles River) were used. Anesthesia was performed by i.p. injection of 2% xylazin (7 mg/kg body weight) and 10% ketamin (95 mg/kg body weight). The ON was accessed by an adapted retroorbital surgical access (19, 37) . Before imaging, a surgical suture (Ethicon; 10-0 Ethilon) was fixed loosely around the ON to serve as a marker. For ON crush, the suture was tightly constricted leaving the knot on the nerve. For details see SI Methods.
Intravitreal Injections. Intravitreal injections were performed 2 weeks (AAV) or 2.5 h (OGB, 3-methyladenine, DMSO) before imaging using a Hamilton syringe (Hamilton; model 701, 26s gauge, removable needle). Injected substances: AAV(1/2).hSYN.dsRed (5 μL; 1 × 10 8 i.u./μL), Oregon Green 488 BAPTA-1 (Molecular Probes; 3 μL, 3.97 mM), 3-methyladenine in DMSO (Sigma-Aldrich; 4 μL, 33.3 mM), DMSO 30% in H 2 O (Applichem; 4 μL of working solution). The viral vector with serotype 2 inverted terminal repeats (ITRs) containing a DsRed2N1 expression cassette was constructed as recently described (38) . For details, see SI Methods.
Imaging of Axonal Degeneration. An adapted epifluorescence microscope (Zeiss; Axioplan) with a water immersion objective (Achroplan 40×/0.80 W DIC III, working distance 3.6 mm) was used to visualize axons at the ON surface within ∼400 μm proximal or distal to the lesion. Z-stack images were acquired at standardized time points after the lesion and single images selected for further evaluation. For detailed information, see SI Methods.
Calcium Imaging. Three microliters of OGB-1 working solution was injected intravitreally 2.5 h before imaging. For calcium channel inhibitor experiments, a mixture of 100 μM amiloride, 10 μM amlodipin, and 1 mM NBQX (all Sigma-Aldrich) was applied topically to the ON 30 min before the crush lesion. For ionophore studies we applied A23187 (100 μM in 2% DMSO; Sigma-Aldrich) 30 min before the crush on the ON and the solution was exchanged against regular Ringer solution after crush. For imaging of intraaxonal calcium ([Ca 2+ ] i ) levels, a representative ROI (85 ± 35 μm from the lesion site) was selected. The fluorescence intensity of each ROI was normalized to the intensity quantified in the first postlesional image and set to an arbitrary fluorescence unit of 1. For details, see SI Methods.
Electron Microscopy. After transcardial perfusion with 3% glutaraldehyde at 30 min, 2 h, and 6 h after ON crush, tissue proximal and distal to the crush site was further processed for ultrathin sections (∼60 nm). Electron microscopic (Zeiss) images were further quantified using AnalySIS (Olympus) and Photoshop (Adobe) software. LC3 immunogold labeling: LC3 antibody (Santa Cruz) 1:50 overnight followed by a 1.4-nm gold-coupled anti-goat-antibody (Sigma). For technical details, see SI Methods.
Immunohistochemistry and Quantification of LC3-/p62 Punctae. Longitudinal ON sections were rehydrated, permeabilized, and blocked before application of the primary antibodies (4°C for 24 h): LC3 (goat; 1:50; Santa Cruz), phosphorylated neurofilaments (Smi31; mouse; 1:1,000; Covance) and p62/ SQSTM1 (rabbit, 1:2,000; Sigma-Aldrich). Secondary antibodies (1 h at room temperature): cy2-conjugated donkey anti-mouse IgG 1:500, cy3-conjugated donkey anti-rabbit IgG 1:500, cy3-conjugated donkey anti-goat IgG 1:250, cy5-conjugated donkey anti-goat IgG 1:1,000 (all Jackson Labs). For further details and quantification see SI Methods.
Statistics. All experiments were replicated and the number of animals/replications is given in the results part for each experiment. Data are shown as mean ± SEM and were analyzed by ANOVA and two-tailed t test (KyPlot software). Differences were considered significant as stated in the text. 
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